Optimal Storage and Retrieval of Single- Phot on Waveforms 
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We report an experimental demonstration of optimal storage and retrieval of heralded single- 
photon wave packets using electromagnetically induced transparency (EIT) in cold atoms at a high 
optical depth. We obtain an optimal storage efficiency of (49±3)% for single-photon waveforms 
with a temporal likeness of 96%. Our result brings the EIT quantum light-matter interface close to 
practical quantum information applications. 
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Storage and retrieval of single photons with preserved 
quantum states is of great importance for long-distance 
quantum communication and quantum computation p]- 
y|. A practical quantum memory is desirable with high 
storage efficiency, long coherence time, and low noise. In 
the past decade, many schemes have been proposed and 
demonstrated for optical storage based on coherent light- 
matter interactions, such as electromagnetically induced 
transparency (EIT) 0-0], off-resonance Raman interac- 
tion [7[, and photon echo [8[. Of these techniques, photon 
echo has recently become attractive due to its promising 
storage efficiency (as high as 87%), large mode capac- 
ity, and compatibility with solid state interfaces [9l4l lj . 
However, these experimental demonstrations of high ef- 
ficiencies were all limited to coherent light pulses, and 
the recent implementation with entangled photons only 
achieved a memory efficiency of about 2% 0, E3- 

On the other hand, the EIT memory is compatible with 
quantum state operation of single-photon wave packets 
3-17] and squeezed states 18, [l9|. Recent progress 
includes storing narrow-band single photons generated 
from atomic systems [15|-[l7j and spontaneous parametric 
down conversion (20j . Also, the EIT memory time has 
been pushed to milliseconds by prolonging the ground- 
state coherence [2l|. However, EIT quantum memories 



have suffered from low efficiency so far, with the hig hest 
single-photon storage efficiency being only 17% (17L l22l|. 
preventing the scheme from practical applications. 

In this Letter, we report an experimental demonstra- 
tion of efficient storage and retrieval of narrow-band 
single-photon waveforms using EIT in a cold atomic en- 
semble. With the ability to control both single-photon 
wave packets and the memory bandwidth, we obtain a 
storage efficiency up to (49±3)% while the nonclassical 
property is maintained. To our knowledge, it represents 
the highest storage efficiency for a single-photon wave- 
form to date. Because an efficiency above 50% is neces- 
sary to operate a memory within the non-cloning regime 
and beat the classical limit [23|, our result brings the 
atomic quantum light-matter interface closer to practical 




FIG. 1. (color online). Schematics of the experimental setup 
for storage and retrieval of heralded single photons with con- 
trollable waveforms. The 85 Rb energy levels are chosen as 
|1) = \5S 1/2 ,F = 2), |2) = \5S 1/2 ,F = 3), |3) = |5P 1/2 ,F = 
3) and |4) = |5P 3 /2, F = 3). 



quantum information applications [10j. 

Figure [1] illustrates the experimental configuration we 
use to generate, store, and retrieve narrow-band single 
photons. We make use of two two-dimensional (2D) 
85 Rb magneto-optical traps (MOT1 and MOT2), sim- 
ilar to the setup described in our previous work [24|. 
Each cold atomic cloud, with a temperature of about 
100 /iK, has a length of 1.7 cm and transverse diame- 
ter of 0.7 mm. From MOT1, we produce Stokes (u s ) 
and anti-Stokes (co a s) paired photons [25j], with the pres- 
ence of counter-propagating pump (cj p , 780nm) and cou- 
pling (cj c , 795nm) beams aligned at a 3° angle with re- 
spect to the Stokes-anti-Stokes axis. The pump laser is 
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blue detuned by 60 MHz from the |1) — >> |4) transition. 
The coupling laser is on resonance with the |2) — ^ |3) 
transition. Both the pump and coupling lasers have the 
same collimated beam diameter of 1.6 mm and their 
linewidths are narrower than 1 MHz. The Stokes and 
ant i- Stokes photons are coupled into two opposing single- 
mode fibers (SMF). When the Stokes photon is detected 
by the single-photon detector D\ , we send its paired anti- 
Stokes photon through an amplitude electro-optical mod- 
ulator (EOM, 10 GHz, EOspace), which is driven by a 
triggered waveform generator. In this way, we are able 
to generate heralded single ant i- Stokes photons with con- 
trollable waveforms [26|. We then store the ant i- Stokes 
photons in the cold atoms at MOT2, controlled by a sec- 
ond coupling beam directed from the same coupling laser 
in MOT1. The anti-Stokes photon single mode is focused 
to the center of MOT2 along its longitudinal axis and 
has a 1/e 2 diameter of 245 /im at the waist. The cou- 
pling beam at MOT2, with a 1/e 2 diameter of 1.0 mm, 
is aligned at a 3° angle with respect to the anti-Stokes 
propagation. We run the experiment periodically with 
a MOT time of 4.5 ms followed by a photon generation 
window of 0.5 ms for each cycle. The MOT magnetic 
fields remain on all the time. In both MOTs, at end of 
the trapping time, we optically pump all the atoms to 
the ground level |1). Coincidence counts are recorded by 
a time-to-digital converter (Fast Comtec P7888) with 1 
ns bin width. 

The physical mechanism of EIT memory has been well 
studied in terms of dark-state polaritons [5]. As the 
photon wave packet is spatially compressed inside the 
medium, we turn off the coupling laser to adiabatically 
convert the photon state into a long-lived atomic spin 
wave that involves only the two ground levels |1) and |2). 
After a controllable time delay, we turn on the coupling 
laser again to retrieve the photon wave packet. There 
are two important parameters characterizing the perfor- 
mance of a single-photon memory. The first is the stor- 
age efficiency, defined as the probability of storing and 
retrieving the single photon, 
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where ^ n (r) and ipoutij) are the input and output her- 
alded single-photon wave packets with r = t as — t s . The 
storage efficiency is determined by both the photon tem- 
poral waveform and the EIT memory bandwidth. The 
second parameter is the storage time, which is limited by 
the ground-state coherence time. In this work, we focus 
on the storage efficiency at two pulse- length storage time. 
Moreover, a single photon storage requires the memory 
to be operated at an ultra-low noise level. For the EIT 
memory, the major noise comes from the scattering of the 
coupling laser beam. Compared to warm atomic vapor 
cells that require a collinear Doppler-free optical setup 
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FIG. 2. (color online). Direct storage and retrieval of sin- 
gle photons without waveform shaping. Single photons with 
(a) a short waveform and (b) a long waveform are produced 
from MOT1 at ODi=7 and 35, respectively. The coincidence 
counts are recorded by Di and D2. Other parameters are 
OD 2 =60, Q C 2 = H713, and 712 = O.O3713. 



|l6[, this scattering is suppressed in our cold atom sys- 
tem because of the 3° angle between the coupling beam 
and the anti-Stokes photons. Further noise reduction is 
accomplished by two optical frequency filters {F\ and F2, 
with a bandwidth of 0.5 GHz). A beam splitter (BS) and 
two detectors (D2 and D3) are used to verify the single- 
photon quantum nature, because a single photon incident 
at a BS must go to one port or the other. A measure of 
the quality of heralded single photons is given by the 
conditional correlation function 1271 



9, 



(2) 



N 12 N 13 ' 



(2) 



where Ni is the Stokes counts at Di, N12 and 7Vi 3 are 

the twofold coincidence counts, and N123 is the threefold 

(2) 

coincidence counts. A classical field must satisfy g\ > 1. 



A pure single photon has g t 



(2) 



and a two-photon 



(2) (2) 

state has g K c = 0.5. Therefore g K c < 1.0 violates the 

(2) 

classical limit and g\ ' < 0.5 suggests the near-single- 
photon character. 

We first characterize the photon source. In the follow- 
ing experiments, we fix the pump and coupling laser Rabi 
frequencies during the biphoton generation in MOT1 at 
Q p — O.4713 and Q c i = 5.I713, where 713 = 2tt x 3 
MHz is the electric dipole relaxation rate between |1) 
and 1 3). The optical depth of MOT2 is maintained at 
OD 2 =60. By varying the OD at MOT1 (OD x ), we pro- 
duce paired photons with controllable temporal length 
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[25j. The red curves in Fig. [2] show the two-photon co- 
incidence counts between detectors Di and D 2 with 1 ns 
bin width, collected for 900 s. At ODi=7, the heralded 
anti-Stokes photon has a temporal length of about 50 
ns, as shown in Fig. EJa), while at ODi=35 we prolong 
the length to 200 ns as shown in Fig. EJb). Excluding 
the uncorrelated accidental coincidences, there are a to- 
tal of 3300 (or 18100) biphoton coincidence counts de- 
tected by Di and D 2 for ODi=7 (or 35). Including the 
coincidence counts between Di and D3 (the measured 
BS splitting ratio is about 45%:55%), we detect a total 
of 7400 (or 42400) photon pairs in 900 s, corresponding 
to a photon pair detection rate of 8 (or 47) pair/s. Tak- 
ing into account the detector quantum efficiencies (50% 
each), fiber-fiber coupling efficiencies (70% at MOT1 and 
72% at MOT2), EOM transmission (50%), fiber connec- 
tion efficiency (61%), filter transmissions (65% each), and 
the duty cycle (10%), this corresponds to a generation 
rate of about 4900 (or 28900) pair/s from MOT1. At 
ODi=7 (or 35), for each click at Di, the success probabil- 
ity of detecting its heralded photon at D 2 and D3 is 2.8% 
(or 4.1%), which, accounting all the losses and efficien- 
cies, corresponds to a pairing efficiency of 56% (or 82%) 
when they are produced from MOT1. The incident anti- 
Stokes photon rate in MOT2 is about 1000/s (or 6200/s). 
The nonclassical properties of the paired photons can 
be measured by violation of the Cauchy- Schwartz in- 

equality [<?g (r)] 7[^(%S ^ 1 Because the 

paired photons are generated through spontaneous four- 
wave mixing, there is no correlation between different 

(2) 

pairs. Therefore, the correlation function g s ,as(T) can 
be obtained by normalizing the two-photon coincidence 
counts to the background floor resulting from acciden- 
tal coincidences between uncorrelated photons. We ob- 

(2) 

tain gs,as(T) with maximum values of 150 and 95 for 
the input waveforms in Fig. [2fa) and (b), respectively. 



With gi 2) s (0) 



a (2) 

yas,as 



(0) 



2.0, we obtain a violation 



of the inequality by a factor of 5625 and 2256, respec- 
tively. To characterize the single-photon nature of the 

(2) 

heralded photons, we measure g c = 0.10 ± 0.02 for the 

short photon (with a coincidence window of 100 ns ) and 
(2) — 

gc = 0.17 ±0.02 for the long photon (with a coincidence 
window of 200 ns ), each with a total time of 2100 s. 

We then measure the storage efficiency without shap- 
ing the waveform of anti-Stokes photons by leaving the 
EOM at its maximum transmission. To store the anti- 
Stokes photon, we switch off the coupling laser at MOT2 
(Q C 2 = H713) for a period of 100 ns after detecting its 
paired Stokes photon. The retrieved photon waveforms 
are displayed as the green curves in Fig. [2fa) and (b). 
The coupling laser has switch-on and -off times of 50 
ns. For both waveforms, we obtain the same storage effi- 
ciency of (20±2)%. The measured g { c 2) = 0.24 ±0.17 and 
0.44 ±0.15 confirm that we indeed retrieve single pho- 
tons. However, in both cases, the waveform profiles are 
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FIG. 3. (color online). Storage and retrieval of a single photon 
with optimal waveform, (a) The optimal input (red curve) 
and output (retrieval, green curve) heralded single-photon 
waveforms are measured as coincidence counts between Di 
and D2. (b) The inset shows the time-reversed retrieved pho- 
ton waveform matches the input photon waveform after nor- 
malization. The operating parameters at MOT2 are OD2=60, 
Q C 2 = H713, and 712 = O.O3713. The measured storage effi- 
ciency is (36±3)%. 



not preserved after retrieval. 

Previous work for coherent pulse storage suggests that 
the storage efficiency can be substantially improved by 
optimizing the pulse shape to match the EIT bandwidth. 
We follow the optimization procedure described in [29|. 
We work with the initial waveform in Fig. [2fb). The 
oscillatory structure on top of the leading ed ge i s an 
optical precursor at the single-photon level [24], 25|, 30| , 
which is produced from the optical frequency compo- 
nents far away from the atomic resonance. This optical 
precursor component can not be slowed and stored 0, 
thus we remove it from the single-photon waveform 
using the EOM. At MOT2, we fix the coupling laser 
Rabi frequency as Q C 2 — H713 and OD2=60. We 
feed back the time-reversed waveform of the retrieved 
photon to shape its input waveform using the EOM. 
The optimal input-output waveforms are obtained after 
three iterations, as shown in Fig.[3fa). The input single- 
photon waveform has a full width at half maximum 



(FWHM) of 50 ns and a peak gi% of 23. The output 
single-photon waveform is retrieved after a storage time 
of 2 pulse length (100 ns). The optimal storage efficiency 
is (36±3)%. To confirm that at this optimal condition, 
the retrieved photon waveform is the time-reversal of 
the input, we plot the time-reversed retrieved photon 
waveform together with the input waveform with a 
proper rescaling in the inset [Fig. [3fb)], and they 
match each other very well. The result agrees with the 
theoretical prediction and indicates that the amplitude- 
phase information of the single-photon wave packet is 
preserved during storage [31( . For a quantitative estima- 
tion, we calculate the temporal waveform likeness L = 
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FIG. 4. (color online). Optimal storage and retrieval of single 
photons with reduced ground-state dephasing rate, (a) The 
optimal input (red curve) and output (retrieval, green curve) 
heralded single-photon waveforms, (b) The inset shows the 
time-reversed retrieved photon waveform matches the input 
photon waveform after normalization. The operating parame- 
ters at MOT2 are OD 2 =60, Vt c2 = 6.88713, and 712 = O.OI713. 
The measured storage efficiency is (49=b3)%. 



IJ^nir^outi-^dTiyiJ^iniT^drJ^outiT^dT}. 

Since we work at the group delay regime, we ob- 
tain transform-limited single-photon waveforms after 
amplitude modulation 0, [32|. Therefore, we have 

^inij) = \Jg$(t) and Vw(r) = ^/G^ t (r), where 

(2) (2) 
G\ n J (r) and G K J t (r) are Glauber correlation functions 

before and after storage that can be obtained from the 

coincidence counts in Fig. [3j For this optimal storage, 

we obtain L=93%. We measure g c = 0.30 ± 0.06 for 

(2) 

the input photon and g c — 0.26 ± 0.13 for the retrieved 
photon with a coincidence window of 100 ns and a total 
time of 3300 s. They are below the two-photon threshold 
of 0.5. 

The storage efficiency is also affected by the dephasing 
rate 712 between the two ground levels |1) and |2) which 
causes decoherence loss and absorption at high OD. We 
obtain the effective dephasing rate by best-fitting it to the 
EIT transmission spectrum. The finite dephasing rate is 
caused by stray magnetic fields, atomic motion, and the 
coupling beam profile. In the above measurements, the 
coupling beam at MOT2 has a diameter of 1.0 mm, and 
we obtain 712 = O.O3713. To reduce the dephasing rate, 
we increase the coupling beam diameter to 1.6 mm and 
obtain 712 = O.OI713. The coupling laser power, which 
is limited by the maximum power allowed by the fiber 
EOM, remains the same as for the previous measure- 
ments and thus we have Q C 2 = 6.88713. Figure|4]^a) shows 
the optimal storage and retrieval of single photon wave- 
forms under the new conditions. Due to the narrower 
EIT bandwidth, the optimal waveform has a longer tem- 
poral length (FWHM=100 ns) and a peak gi% of 12. 
For a delay of two pulse lengths (200 ns), we obtain a 



storage efficiency of (49d=3)%. The inset shows that the 
suitably rescaled time-reversed output waveform matches 
the input waveform well [Fig. ffl^b)]. We obtain a tem- 
poral waveform likeness of L=96%. For the conditional 

correlation measurement, we take the FWHM (100 ns) 

(2) 

as the coincidence window and obtain g c — 0.10 ± 0.06 

(2) 

for the input waveform and g c = 0.14 ± 0.14 for the re- 

C2) 

trieved photon. The higher g c after retrieval is caused 
by the single photon storage loss in presence of detector 
dark counts and multiphoton events from the background 
noise photons. As we increase the coincidence window to 

200 ns to contain more accidental counts from noise pho- 

(2) 

tons and dark counts, the g c of the input and retrieved 
photon become 0.28 ± 0.07 and 0.66 ± 0.22 respectively, 
which are still below the classical limit. The measured 
memory lifetime is about 1.6 /is, which is mainly deter- 
mined by the inhomogeneous MOT magnetic field. 

In our configuration, we find that the connection be- 

(2) 

tween g c and the normalized cross correlation function 

(2) 

gs,as (averaged over the same coincidence window) can 

be expressed as g^ ~ (2gi% + l)/[(gi% + l) 2 ]. In the 

(2) (2) (2) 

case gs,as » 1, this reduces to g c ' ~ 2/gs,as, which 

agrees with our experimentally measured values within 

their statistical errors. As we increase the coincidence 

window length, g^ increases because of an increasing 

probability for detecting multiphoton events from uncor- 

_(2) 

related noise photons and dark counts. Oppositely, g^ds 
drops as the coincidence window length increases. As 

a measure of the ratio of correlated photons (signal) to 

(2) 

uncorrelated photons (noise), cjs,as provides a quick esti- 
mate of the quality of heralded single photons. It is clear 

(2) 

that both gc < 1 and the violation of Cauchy- Schwartz 

_(2) 

inequality require g s ,as > 2 for beating the classical limit. 

-(2) 

gs,as > 4 indicates the near-single-photon character of 

(2) 

the heralded anti-Stokes photon {gc < 0.5). 

In summary, we have demonstrated optimal storage 
and retrieval of heralded single-photon wave packets us- 
ing EIT in cold atoms. At a high OD of 60, we obtain a 
storage efficiency of close to 50% for the optimal single- 
photon waveform with a temporal likeness of 96%. The 
storage efficiency in this work refer only to the capability 
of the EIT atomic medium at MOT2 in storing and re- 
trieving optimal single-photon waveforms, and it does not 
include the fiber connection loss and the EOM insertion 
loss. The EOM amplitude modulation loss of about 50% 
in our system can be counted into the heralded single- 
photon generation efficiency. This modulation loss can 
be eliminated, in principle, using other waveform shaping 
techniques, such as chirp (using phase- frequency modu- 
lation) and compression [33|, |34| . 
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